ABSTRACT: We report on the integration of atomically thin 2D insulating hexagonal boron nitride (h-BN) tunnel barriers into magnetic tunnel junctions (2D-MTJs) by fabricating two illustrative systems (Co/h-BN/Co and Co/h-BN/Fe) and by discussing h-BN potential for metallic spin filtering. The h-BN is directly grown by chemical vapor deposition on prepatterned Co and Fe stripes. Spin-transport measurements reveal tunnel magneto-resistances in these h-BN-based MTJs as high as 12% for Co/h-BN/ h-BN/Co and 50% for Co/h-BN/Fe. We analyze the spin polarizations of h-BN/Co and h-BN/Fe interfaces extracted from experimental spin signals in light of spin filtering at hybrid chemisorbed/ physisorbed h-BN, with support of ab initio calculations. These experiments illustrate the strong potential of h-BN for MTJs and are expected to ignite further investigations of 2D materials for large signal spin devices.
T he magnetic tunnel junction (MTJ) is one of the building blocks of spintronics applications. 1−3 The key element of an MTJ is its tunnel barrier, most commonly made of MgO or Al 2 O 3 . Achieving precise control of the barrier thickness down to only a few atoms while avoiding thickness nonuniformity, pinholes, or point defects remains a major challenge for these metal oxides. This has led to considerable interest in integrating materials that remain stable as atomically thin monolayers, such as the layered 2D materials (2DMs), into MTJs. 4 Interestingly, large-scale manufacturing of these materials by chemical vapor deposition (CVD) has been introduced and developed over the past few years, 5−9 further enabling their integration in MTJs. Among 2DMs, hexagonal boron nitride (h-BN), an insulating isomorph of graphene with alternating B and N atoms, is a very promising candidate for use as a tunnel barrier in atomically thin MTJs. It has, for instance, already been introduced in lateral graphene devices in order to enhance spin-transport properties, 10−12 as a barrier in van der Waals heterostructures 13 and as a tunnel barrier in vertical devices. 14−16 Theoretically, h-BN is proposed as an ultimately thin covalent spacer for magnetoresistive junctions with strong exchange coupling at the interface and high magnetoresistance ratios. 17, 18 Still, its characterization in functional MTJs remains an essential step in order to evaluate its full potential. Experimentally, several studies have reported on tunneling magnetoresistance (TMR) in MTJs based on h-BN. The results were shown to vary greatly depending on the h-BN integration pathway: wet transferred on ferromagnets (TMR = 0.3−0.5%), 19 exfoliated on perforated membranes (TMR = 1%), 20 or directly grown by large area CVD on Fe (TMR = 6%). 4 Among these results, direct CVD growth of h-BN tunnel barriers was one that showed great promise in order to improve the quality of the 2D-ferromagnet (FM) interfaces in MTJs. Indeed, seeking for increased performances, it must be taken into account that the spin polarization P and the TMR are, especially for 2D materials, strongly sensitive to the ferromagnet interfaces of the junction. As the tunneling spin polarization is clearly influenced by the 2D tunnel barrier−ferromagnet combination, further improvement for h-BN-based MTJs is expected from the study of growth parameters on different ferromagnets to reach higher performances.
In this paper, we report on h-BN-based MTJ structures with two different bottom electrodes (Co/h-BN/Co and Co/h-BN/ Fe), in which the large-area h-BN tunnel barrier is grown directly by CVD on prepatterned Co and Fe stripes (Figure 1 ). In both cases, the atomically thin directly grown CVD h-BN exhibits tunneling of spin-polarized electrons ( Figure 2 ) with a TMR of 12% with Co ( Figure 3 ) and even greater TMR of 50% with Fe ( Figure 4) . These values are up to 1 order of magnitude larger than previously reported for direct CVD grown h-BN on FM and 2 orders of magnitude larger than previously reported for exfoliated or transferred h-BN on FM. The dependence of these spin signals on applied voltage bias ( Figure 5 ) as well as the estimation of the spin polarization of the h-BN/Fe and h-BN/Co interfaces are further discussed with support of ab initio calculations ( Figure 6 ). Figure 1 illustrates the different process steps to fabricate Co/h-BN/Fe or Co/h-BN/Co magnetic tunnel microjunctions. The CVD process used for h-BN growth on the Fe and Co bottom electrodes has been calibrated for milder conditions than those used in our previous growth study, 21 with lower growth temperature (∼50°C lower) and borazine pressure (6× lower, exposure time is doubled in order to reach full coverage), as well as optimized stripe design. To start, sputtered Fe and Co thin films (200 nm) are grown on SiO 2 (300 nm)/Si wafers, and then stripes of Fe and Co electrodes are patterned by lithography and dry ion beam etching with ionized argon gas (in a Plassys MU600S setup and Hiden SIMS detection of the etched species). The samples are then placed in a customized cold-wall reactor, and the growth is performed using an undiluted borazine precursor (HBNH) 3 at low pressure (Figure 1a ,b) (see the Methods). This direct CVD approach for h-BN integration is in contrast with exfoliation or wet transfer of 2D materials on ferromagnetic electrodes reported in the literature (see ref 22) as it enables ultraclean interfaces without detrimental oxidation. 9, 23, 24 As a next step, microjunctions samples are defined at one end of the ferromagnetic stripes by spin-coating UVIII photoresist on the h-BN/Fe and h-BN/Co and subsequently patterning small openings of 3 × 3 μm 2 and 30 × 30 μm 2 in the resist. At the other end of the stripe, a large opening is defined to allow bonding. Then the Co (15 nm) ferromagnetic top electrode is evaporated and capped with Au (80 nm) on the micrometric junctions (Figures 1c  and 2c ) while masking the bonding pads (deposition of Co/Au is prevented on the masked half). The junctions are then contacted and wired on each side of the stripe (Figure 1c) . I(V) characterization of the junction and magnetic transport measurements has been carried out in a cryogenic setup at 1.4 K. we can estimate the average spin polarization at the h-BN/Co interface as P h-BN/Co ∼ 25%. Similarly, thanks to the estimated average value of P h-BN/Co and P h-BN/Co ∼ 30% and P h-BN/Co ∼ 60%. This allows an estimated range for the spin polarizations at the h-BN/Co and h-BN/Fe interfaces to be determined: P h-BN/Co ∼ 25−30% and P h-BN/Fe ∼ 60−80%. Several theoretical studies have shown that the spin polarization of 2D materials depends critically on the interface structure 17 and the presence of strain. 28 Therefore, further dedicated theoretical calculations that consider these effects for our specific interface may help to better understand how these influence the values of spin polarization obtained and may eventually reveal routes toward even larger spin polarizations values.
RESULTS AND DISCUSSION
Finally, in this direction, we discuss the sign inversion of the TMR observed for the Co/h-BN/h-BN/Co junction. This result is particularly striking as, following the above Julliere formula, one might wonder how a symmetric junction with two h-BN/Co interfaces might lead to such a bias-controlled inversion of the spin signal. Indeed, one would expect the sign of the spin signal to follow TMR α P h-BN/Co 2 , i.e., to remain positive, while experimentally a negative sign is observed for this Co/h-BN/h-BN/Co junction (it is interesting to note that this is in contrast with the sign of the TMR measured for the asymmetrical Co/h-BN/Fe, which remains strictly positive at all biases in our experiments). Such a negative sign in an apparently symmetric junction was already observed by Barraud et al. 29 and ascribed to the role of the different interfaces. This result underlines the important fact that one has to consider the h-BN interfacial layer properties as strongly influenced by the FM in contact. We believe that the bottom interface may undergo a strong chemisorption, while the top one is physisorbed. This would occur as a result of the different growth mechanisms giving rise to different coupling: the bottom interface is defined by a high-temperature direct CVD step, while the top one is defined by a soft room-temperature evaporation process. This is supported by early experimental and theoretical discussions on h-BN 30−35 for the Ni(111) case (close to the case of our CVD on Co) for which two different absorption configurations were found: chemisorption and physisorption. In particular, hybridization between the metal 3d states and the π states of graphene or h-BN may lead to a strong interfacial interaction and significant alteration of the band structure.
36−38
The extent of this hybridization critically depends on the nature of the interface between the FM and 2D material, including their relative orientations. Interestingly, the chemisorption was shown to lead to a metallic behavior for the h-BN monolayer after the creation of adsorption-induced gap states, 32,34,39 which was not expected for the physisorption. 30, 31 This expected strong dependence of the h-BN electronic properties on the coupling with the FM electrode is further investigated here by means of first-principles calculations. Figure  6 depicts the prototypical interfaces considered in our junctions analysis. The h-BN/Co and h-BN/Fe geometries have been obtained by full relaxation of the fcc ⟨110⟩ Fe and hcp ⟨0001⟩ Co surfaces in combination with monolayer and bilayer h-BN, respectively. Owing to the closely matching lattice parameters of h-BN and Co, h-BN/Co interfaces may be perfectly commensurate or not depending on the h-BN integration pathway (as, for example, using high-temperature CVD versus low-temperature physical evaporation). On the contrary, the large lattice mismatch with Fe systematically prevents the formation of a simple commensurate interface with h-BN. In agreement with previous theoretical predictions, 17 our calculations indicate that the most stable h-BN/Co commensurate interface is formed when nitrogen atoms stand right on top of hcp ⟨0001⟩ surface cobalt atoms (see Figure 6a) . The average distance between the surface and h-BN is only of 2.1 Å, corresponding to the chemisorption of h-BN on the Co surface. In the incommensurate cases (Figure 6 ), a larger h-BN/metal distance of 3.1 Å is observed and h-BN is merely physisorbed to the metallic electrode. The computed spinresolved projected densities of state (PDOS) on boron and nitrogen atoms are reported in Figure 6d where ρ -
) is the PDOS on h-BN for majority (minority) spins. Upon formation of the junction, the energy gap of free-standing h-BN is not preserved. One can see from Figure 6e ,f that the main contribution from physisorbed h-BN to the gap states originates from the p-orbitals of boron atoms. Compared to the physisorption case, upon chemisorption, h-BN forms covalent bonds with the FM surface, and the p-orbitals of nitrogen atoms dominate the low energy PDOS. Strikingly, this modification of the h-BN/metal coupling also comes with an inversion of the spin-polarization of the h-BN layer.
Within the Julliere approximation, 26, 27 this result provides a straightforward explanation for the sign inversion of the TMR observed in the apparently symmetric Co/h-BN/h-BN/Co junction. We believe that, as seen here, control over these different coupling situations 35 can be achieved by using different growth conditions, for example, using high-temperature CVD versus low-temperature physical evaporation. Hence, in the case of the studied Co/h-BN/h-BN/Co junction the fact that h-BN is a bilayer offers the possibility for each h-BN layer to be independently coupled to the FMs defining two different interfaces. Conversely, when only a single h-BN layer is present, even if the two FMs are different, they both contribute globally to this h-BN layer property, which is thus the same for both sides and the TMR remains proportional to P h-BN/FM 2 > 0.
This illustrates the possibility of tinkering with spin-filtering effects at the h-BN/FM interfaces. One might expect that for selected metals and biases ranges 40, 41 metallic spins extraction would be favored at one interface. This would lead to the reversal of the spin polarization at the interface and, thus, inversion of the TMR of the device. The phenomena at play is similar to the case of Karpan et al., 42 but with the enhanced transport of minority spins being controlled by the applied bias. The other interface might keep its role as a simple spin analyzer similar to previous experiments with a graphene/Al 2 O 3 spacer in-between FMs. 22 Interestingly, while the presented result is already orders of magnitude larger than previous reports, many parameters remain open to exploration in these 2D-MTJs systems: dependence with the h-BN growth conditions, dependence with the underlying FM crystallography, dependence with the epitaxy/rotation of h-BN in regard of the FM, h-BN layers stacking sequence (see, for instance, ref 43 ). This offers a large playground, unseen with conventional oxides, toward more control to tailor spin transport with 2D layers. Beyond MTJs, we expect these effects to also provide strong potential for lateral nonlocal spin valves based on 2D materials.
44−47

CONCLUSION
We presented in this study two illustrative MTJ spin devices making use of h-BN tunnel barriers. Our results corroborate the pertinence of integrating atomically thin h-BN tunnel barriers by direct CVD growth in magnetic tunnel junctions for two different ferromagnets (Co and Fe). The values of the TMR and the spin polarization show a large improvement over previous experimental reports for MTJs using h-BN as a barrier in agreement with theoretical predictions. The estimated spin polarizations of the interfaces based on the measured TMR values are in excess of 25% for h-BN/Co and 60% for h-BN/Fe, the highest measured so far. Following these estimates, the magnetoresistance of a symmetrical Fe/h-BN/Fe could be even higher than predicted with hint of a minority spin filtering effect at h-BN/FM interfaces. First-Principles Calculations. The calculations have been performed within the framework of the density functional theory as implemented within the SIESTA code. 48 Basis sets of numerical atomic orbitals (double-zeta plus polarization) have been used to expand the wave functions. To achieve a good description of the h-BN/metal interaction, we have chosen the vdW-DF functional of Dion et al. 49 with the exchange modified by Klimes et al. 50 Real-space quantities have been represented on a grid characterized by a cutoff equivalent to 400 Ry. For the self-consistent calculation of the electronic density, integration over the first-Brillouin zone has been performed by means of regular grids equivalent to a density of 12 × 12 k-points per h-BN unit cell. Grids 10 times denser have been used for the non self-consistent estimation of the density of states. The computational cells consist of monolayer or bilayer h-BN sandwiched between two slabs of transition metal (Co or Fe) made of six atomic layers each. The bilayer h-BN considered in this study is in the AA′ stacking configuration.
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